In recent publications the author has discussed the isolation and cultivation of some bacteria which oxidize thiosulfate (27, 28) . Polythionates were not detected among the products of oxidation by strictly autotrophic or facultative autotrophic bacteria but were found to be present in the products of several heterotrophic organisms ineluding Cultures T and K of Trautwein (29). The reaction of media supporting the autotrophs became acid during growth; the heterotrophs decreased the acidity.
bacteria oxidizing thiosulfate and the quantitative relationships between the products and the material oxidized. The characteristics of the organisms used have been discussed in preceding papers (27) (28) (29) . The cultures include: (1) a strict autotroph which is considered to be Th. thioparus, (2) a facultative autotroph seemingly a hitherto undescribed culture which has been named Thiobacillus novellus, and (3) B, T, and K, three heterotrophic cultures reacting qualitatively alike upon thiosulfate. T and K are Trantwein's cultures described by him as facultative autotrophic bacteria (31, 32) .
The media used for cultivating the bacteria and the analytical procedures involved in the following studies are recorded toward the end of this report. Table I includes some of the results obtained with Culture T. Only averages of determinations are given and, in order to condense the data, the determinations of the controls and blanks have been subtracted where this was necessary. The pH increased with advance in development. The titrations with iodine before and after treatment with KOH indicate qualitatively that polythionates were formed. Practically all of the sulfur remained in solution during the 27 days, with not over 0.8 per cent appearing as elemental sulfur at any period of development. This accounts for only a very slight portion of the thiosulfate which was decomposed since only 4.0 per cent of the thiosulfate sulfur still remained after 27 days. Very small amounts of sulfate sulfur appeared as the culture aged, no sulfate being detected until more than onequarter of the thiosulfate had been decomposed. It is very apparent that polythionates were the principal products of oxidation of thiosulfate. Tetrathionate was formed in greatest abundance associated with low and varying quantities of both tri-and pentathionates. All of the sulfur appears to be accounted for in the various products which were determined, within the range of the experimental error. These quantities were calculated on the basis of the total sulfur determined by the sum of the soluble and insoluble sulfur.
EXPERIMENTAL

Products Formed by Cultures B, T, and K.--
Cultures B and K transformed thiosulfate much the same as Culture T. The reaction became alkaline and the qualitative test for poly-thionates was strongly positive. Practically no elemental sulfur appeared; small amounts of sulfate sulfur were found during the late periods of incubation. Polythionates were recovered in abundance, tetrathionate being the principal product, associated with much smaller amounts of tri-and pentathionates. Culture B transformed thiosulfate somewhat slower than either T or K hut reacted qualita- tively the same as these two bacteria in all respects. In 27 days, 55.8 per cent of the thiosulfate had been decomposed by Culture B. It would thus seem justifiable to conclude that Cultures B, T, and K behave similarly in a qualitative way in respect to oxidation of thiosulfate although they differ in rate of development. It is not unreasonable to assume that the other heterotrophic bacteria which were recorded in a preceding report as attacking thiosulfate (29) , also be-have in a similar manner. The following reaction seems most likely to represent the primary transformation and this seems to be the transformation due to bacterial action.
2 Na,S2Oa q-H,O q-½02 = Na~S4Os q-2 NaOH
(1)
This indicates why the pH increases as oxidation progresses, since free hydroxyl ions would be obtained. It is believed that products other than tetrathionate which were obtained, represent secondary products originating by chemical decomposition. Debus, among others, discusses in detail the transformation of polythionates in a chemical way and supplies adequate evidence to justify this conclusion (6) . Polythionates are unstable in alkaline and neutral solutions and undergo various changes. When put into solution, potassium tetrathionate breaks down to the potassium salts of penta-and trithionate:
Potassium pentathionate breaks down to potassium tetrathionate and sulfur:
K~S~O6 --K2S406q-S Potassium trithionate decomposes to products which finally become potassium salts of penta-and tetrathionate, potassium sulfate, and sulfur dioxide. Sulfur dioxide would disappear if formed in the culture solutions by oxidation to sulfate. Thus all of the products recovered from the solutions containing Cultures B, T, and K can be accounted for by assuming that tetrathionate was initially formed by bacterial action and, by subsequent chemical reactions, gav e rise to varying amounts of tri-and pentathionate, sulfate, and elemental sulfur. The relative proportions of these secondary products would vary depending upon the pH, rate of formation of tetrathionate, and interval of time during which the reactions took place. The secondary reactions are also undoubtedly responsible for the drop in pH of the culture solutions after the initial rise during prolonged incubation. This change is particularly prominent in poorly buffered media as shown previously (28).
Trautwein stated that his cultures produced not only tetrathionate but also dithionate. The results reported above show that there is no likelihood that dithionate is produced. He failed to analyze his cultures for either of these products and speculated upon their pro- duction. Furthermore, he presumed that there is a constant ratio between the amounts of sulfate and polythionates produced but it now seems more likely that the ratio between any or all of the polythionates and the sulfate varies continuously depending upon the speeds of the primary and secondary reactions and has no direct relationship to the transformation effected by the bacteria.
Products Formed by Tk. novellus
As observed from Table II the products of Th. novellus include none of the polythionates. The qualitative test was negative at all periods and the quantitative determinations gave equally negative results when made at the last three incubation periods. The drop in pH during growth is accompanied by a continuous increase in sulfate. No elemental sulfur was formed, although in some other cases where the pH of the culture medium dropped close to 5.0, slight amounts of sulfur were found in the deposit on the bottom of the flask. This probably originates by secondary reaction through decomposition of thiosulfate in the acid medium. All of the sulfur of the decomposed thiosulfate appeared as sulfate in the experiment reported in Table  II . The determinations for soluble sulfur appear to give somewhat high results as in some of the data recorded in Table I . However, the sum of the sulfur as thiosulfate and sulfate in all cases exceeded the thiosulfate sulfur of the uninoculated solutions.
The results reported in Table II are verified by the results in Table  V . The only product of oxidation appears to be sulfate. The culture was incubated for a longer period than that used for the determinations reported in Table II and consequently somewhat more of the thiosulfate became oxidized before the experiment was terminated. As regards oxidation of thiosulfate, this culture resembles Th. thiooxidans which also effects complete oxidation. The two organisms differ in the range of pH over which the reaction takes place and in speed of oxidation, Furthermore, Th. thiooxidans is a strict autotroph. The following reaction accounts for the transformation: Na2S~Oa + H20 + 2 02 --Na2SO4 + H~SO4 (2) From this it is apparent why a pronounced increase in acidity accompanied oxidation and growth.
Products Formed by Th. thioparus
Results of determinations on solutions supporting development of Tk. thioparus are presented in Table III . In most of the solutions reported in Experiment 1 of Table III the thiosulfate had been completely decomposed and the reactions had apparently gone to completion. The results in Experiment 2 cover the periods of incomplete decomposition.
As growth progressed the reaction became increasingly more acid, reaching pH 4.4. This is a lower pH than is tolerated by Cultures (19) . During the course of the present studies with Th. thioparus, polythionates have been found only in mixed cultures as has been discussed in a previous report (29) . It seems most probable that the culture used in these studies is either Th. thioparus or a species exhibiting identical physiological activity and varying, if at all, only in morphological characteristics.
The amounts of soluble sulfur decrease rapidly as oxidation progresses due to the fact that considerable quantities of elemental sulfur are precipitated. The thiosulfate sulfur which is oxidized is accounted for completely as either elemental sulfur or sulfate. The proportions of these two products are very constant and seem to be the same at all stages of growth. From the results reported in Experiment 1, on the average, 40 per cent of the products of oxidation were recovered as elemental sulfur and 60 per cent as sulfate sulfur. The averages of the data in Experiment 2 are 41 per cent elemental sulfur and 59 per cent sulfate sulfur. Averages of all of the data show almost exactly 40 and 60 per cent recovery as elemental and sulfate sulfur respectively. In no case was the variation over 4 per cent from this average. The following equation accounts for the products in the ratios obtained: The increase in acidity is much less than by Th.
•ovellus per unit of thiosulfate decomposed since four-tenths of the sulfur appears in the elemental form. The more marked decrease in pH by Th. thioparus is due to the fact that the medium was poorly buffered and that greater amounts of thiosulfate were transformed. Nathansohn believed that his cultures formed sulfate and tetrathionate as the initial products (19) . His results may be interpreted otherwise (29) . Beijerinck presented the following equation to explain the transformation by Th. ~hioparus and this has been copied in most subsequent works concerned with related cultures (3, 4) :
'In view of the fact that the equation was apparently derived from qualitative determinations it is interesting that it so nearly approaches Reaction 3 which seems to explain the transformation more accurately.
Issatschenko and Salimowskaja applied Equation 4 to explain the reaction by their cultures (11) , but this would not account for the increase in acidity which accompanied growth. Salimowskaja cultured another organism which behaved much the same as Th. thioparus but the pH increased during growth (22) . Reaction 4 could not explain such a change. If the reaction change resulted from the products of the thiosulfate, less complete oxidation or hydrolysis of the thiosulfate must have occurred.
It might be suspected that the primary reaction by Th. thioparus was such as 4 and that some of the elemental sulfur became subsequently oxidized to sulfate. However, if such were the case, the proportion between elemental and sulfate sulfur would differ at various stages of growth of the culture. No such variation has been observed. Furthermore, the medium becomes acid at all stages of growth, even where decomposition was slight in the early periods. This would not be expected if Reaction 4 prevailed at first. Oxidation of elemental sulfur has generally been recorded as a characteristic of Th. thioparus (19, 3, 4, 12, 10, 11, 17) and the studies of sulfur oxidation by the strain of this organism used in the present work strengthen this conviction (28) . Furthermore, the pronounced decrease in pH recorded in Experiment 1 of Table III between the 10th and 12th day might hardly be expected to have been produced as a result of oxidation of the small amount of thiosulfate remaining at the 10th day. The oxidation of some elemental sulfur could account for this. However, the phosphate buffers are not particularly effective between pH 6.0 and 4.0 and relatively small amounts of acid could have caused the drop in pH. In case elemental sulfur was attacked, very little was oxidized since the ratio of elemental sulfur to sulfate sulfur was not altered perceptibly. In case it is found that small amounts of the precipitated sulfur do become oxidized, it may be that Beijerinck's reaction will prove to be valid. It would seem unwise to state that Th. thioparus and related organisms all oxidize thiosulfate according to Reaction 3, but under the conditions of the experiments recorded in this report, this reaction has been observed with no appreciable variation irrespective of the completeness of the degree of oxidation of thiosulfate.
In a recent contribution, yon Deines claims that the material which is precipitated by the sulfur bacteria is not sulfur, but highly sullured hydrogen persulfide formed from a reaction between hydrogen sulfide and sulfurous acid which he believes are produced within the bacterial cell during oxidation of thiosulfate (35) . More evidence is needed to justify the acceptance of this theory.
Nathansohn believed that the precipitated sulfur arose as a result of secondary reactions. He stated that tetrathionate or similar polythionates and sulfate are produced by the initial reaction and that the reaction between the polythionates and thiosulfate gives rise to the precipitated sulfur and part of the sulfate (19) . It was also believed by the present author that the sulfur originates by some secondary reaction (25) . This does not appear to be the case since, if it were produced by secondary chemical reaction, the ratio of elemental sulfur to sulfate sulfur would not be constant at different reactions (pH) and various stages of growth. The appearance of the sulfur is also different from that observed where sulfur is slowly precipitated from thiosulfate in media becoming acid during growth of sulfur bacteria. In the latter case, it accumulates as a fine deposit on the bottom of the flask and seldom if ever as a pellicle or in such abundance.
The fact that the sulfur accumulates outside of the bacterial cells need not imply that the reaction leading to its formation also took place outside of the cells. It has been shown by van Niel that whether or not the precipitated sulfur appears within the cells is determined by the size of the cells (34) . "Thus Baas-Becking found Thiobacillus thioparus, growing in concentrated NaCl-solutions, to occur with sulphur both inside and outside the cells in a thiosulphate medium. Due to the high salt concentration the cells were somewhat abnormally shaped, the most important difference in this connection being that they were decidedly larger" (p. 57). On the basis of numerous observations with the purple and green sulfur bacteria, van Niel further states: "These observations indicate that the ability to store the sulphur globules inside the cell is dependent only upon the size and cannot be considered of any taxonomic, or even morphological importance except in connection with cell-dimensions" (p. 57).
Assimilation of Carbon
One of the most critical means of distinguishing between autotrophic and heterotrophic bacteria is to demonstrate the synthesis of organic cell substance from inorganic materials by the former. The source of carbon for bacteria existing under autotrophic conditions is the bicarbonate ion (HC08-). Abundant and even somewhat limited growth as autotrophs can be demonstrated as being characterized by an increase in the organic material in the culture medium. In relatively few instances have the cultures described as autotrophic sulfur thesized cell substance is very small in proportion to the amount of transformed sulfur compounds (7, p. 36). Some results of determinations for carbon assimilation by Culture T are given in Table IV . Even though the control media contained very small quantities of carbon (from 1.3 to 1.6 rag. per 100 cc.) ~ the Actually much less organic carbon was detected in the medium. Blanks on 100 cc. portions of distilled water yielded 1.28 rag. C as an average of three determinations. A fraction of a milligram of organic carbon wouM thus seem to be present in 100 cc. of the culture medium. organism was able to transform relatively large quantities of thiosulfate; as much as 89 per cent was oxidized in 45 days. In no case is there any evidence of the assimilation of significant quantities of carbon. The results obtained with Culture B were quite similar and lead to the same conclusion.
Th. novellus behaved quite differently than the preceding organism (Table V) . In all but the youngest culture, significant amounts of organic carbon were recovered in spite of the fact that less than onethird of the thiosulfate was decomposed in any case. The ratios of sulfur transformed to carbon assimilated are found to be close to 50: I. The ratios calculated on the basis of thiosulfate-sulfur transformed are slightly different from those based on sulfate-sulfur recovered since these two sulfur values are not identical due to errors involved in the analytical procedures. The results show definitely that Th. novellus exists as an autotroph in mineral media and transforms inorganic carbon to organic substance in proportion to the amount of thiosulfate sulfur oxidized.
Somewhat more extensive results are presented in Table VI for Th. thioparus. These data prove that the organism assimilated carbon during oxidation of thiosulfate. As shown by the determinations of the experiment reported at the lower part of the table covering various stages of growth, the amount of carbon assimilated increases with the decomposition of thiosulfate. Data concerning the sulfur transformations in the same solutions are presented in Table Ill . In calculating the results in the last two columns in Table VI , some of these data were utilized. The averages give practically the same figure by both methods of calculation; the ratio of sulfur oxidized to carbon assimilated was about 125: I, with the extremes of I00: I and 155:1 excepting the first two erratic results.
Energy Relations
In considerations of the energy utilization by the bacteria, values for the heats of reactions are used. Even though these may not indicate the absolute amounts of free energy available to do work (2) they sufficiently approximate such values and for comparative purposes serve the present requirement. These values have been called "machine efficiencies" by Burk since they are the resultants of numer-ous reactions associated with reduction of carbon dioxide, growth, respiration, and other metabolic processes (5).
The reaction for Th. no'veUus may be expressed as follows:
Na2S2Os + H20 + 2 02 = Na2SO. + H2SO4 + 211.1 Cal. These results are quite similar to those obtained with Th. thiooxi4tans during development upon thiosulfate (25) . The sulfur-carbon ratio for this bacterium averages 52:1 during development upon 1 per cent thiosulfate and 5.4 per cent of the total energy available was calculated as having been used in synthesis of cell substance.
The reaction of Th. thioparus may be stated:
5 Na2S2Oa + H20 + 4 02 = 5 Na2SO4 + H2SO, + 4 S + 500.3 Cal. (12) . Averaging his data from the fresh water and salt water strains of the bacterium, the sulfur-carbon ratio is 41.1:1. Upon further calculation, using Reaction 2 of Table VII as typifying the transformation, the organic matter in cell substance accounts for 5.2 per cent of the energy which was liberated. The culture of Th. denitrificans used by Lieske appears to be much more efficient (18) .
From his data it can be calculated that 9 mg. of carbon were assimilated by the oxidation of 1.0 gm. Na2S208-5H20, the sulfur-carbon ratio being 28.7: 1. In this case 11.1 per cent of the available energy was represented in synthesized cell substance (assuming Reaction 4 of Table VII as typical).
The results of Ayyar with an organism probably identical with Th. thiooxidans gave a somewhat higher sulfur-carbon ratio than those obtained in this laboratory. He found 40.75:1 while our results under conditions favorable for development of the bacterium were 31.8:1. He stated, "Thus the organism is much more economical in the utilization of energy." This is apparently incorrect, since the organism oxidizing the least sulfur per unit of carbon assimilated is the most efficient. His culture shows 5.3 per cent efficiency in contrast to 6.7 per cent as determined with the cultures used in this laboratory.
It is apparent from these results that in the few cases where the species of Thiobacillus have been carefully studied the efficiency of carbon assimilation is much the same. Quite different results are obtained with the purple and green sulfur bacteria which derive energy not only from inorganic sulfur compounds but also from light. It was found by van Niel that these bacteria assimilate far more carbon than could be assimilated by the energy supplied from the oxidation of the specific sulfur material (34) . Photosynthesis supplied a large portion of the energy utilized. Even with these bacteria, however, there is a definite proportion between the amount of the sulfur substance oxidized and the carbon assimilated.
The reaction typical of Cultures B, T, and K yields very little energy:
2 Na~S~O3 + H~O + }02 = Na~S40~ % 2 NaOH + 21.1 Cal.
(7) (2 X 255.9) (1 X 68. determinations; the carbon analyses by themselves are thus no absolute criterion for determining the autotrophic nature of these cultures. It is believed that the combined evidence, obtained from the various studies which have been made with these cultures, is sufficient to warrant the conclusion that Cultures B, T, and K are not autotrophic, that the transformation of thiosulfate is incidental to their normal nutrition and is of no vital importance as a source of energy in their metabolism. 2 It is therefore concluded that the mere disappearance or even oxidation of thiosulfate in a mineral medium through the agency of bacteria is insufficient evidence to justify the assumption that the organisms involved are autotrophic. The same applies to the precipitation of iron and oxidation of NH4 + and NO,-and no doubt to other transformations generally ascribed to autotrophic bacteria. It is most frequently discovered, however, that autotrophic bacteria effect more rapid and complete oxidations of the mineral substances than are common to heterotrophic organisms, providing that the environmental conditions are suited to growth of the autotrophs.
Methods
The media were like those used previously (27) (28) (29) Medium 1 was used for Th. thioparus, Medium 2 for Cultures B, T, and K, and Medium 3 for Th. novellus. The media were generally distributed in 250 or 300 co. amounts in Erlenmeyer flasks of 1 liter capacity. The ammonium sulfate and sodium thiosulfate were sterilized separately. In some cases 100 co. portions of the media were used in 250 co. Edenmeyer flasks. Since about 200 cc. of solution were used in the analyses, the culture solution of two or more flasks was pooled at each period of study when the small culture flasks were used. In the studies of Th. thioparus, distilled water was used in place of tap water.
The analyses were conducted as follows: I. The culture solution was made to definite volume in volumetric flasks. II. Where determinations were made for carbon content of the liquids, the method used was much the same as that which proved satisfactory for determining carbon assimilation by Tk. thiooxidans (36) . The total solution was agitated to properly disperse all suspended materials. Duplicate 100 co. portions of the unfiltered liquid were pipetted into combustion flasks, 5 cc. portions of 1--4 H2SO4
were added and the solutions aerated for at least 1 hour in the cold to release any inorganic carbon from the solution. In cases where there was thiosulfate in the culture solution, sulfurous acid was formed by the decomposition of thiosulfate in the acid solution. This was trapped after leaving the reflux condenser by passing the gas stream through a solution containing 1 gm. of KMnO4 in 80 cc. of water. This solution was renewed for each determination. After aeration in the cold, the units for absorbing carbon dioxide were placed in the gas chain, 5.0 gin. of KMnO4 were added to the combustion flasks and 50 cc. of concentrated HsSO~ were run in slowly during which time the system was being aerated. The solutions were then heated to boiling for 3 hours and the carbon dioxide from the gas stream was trapped in standard 0.05N Ba(OH)~ in Truog towers in place of the tubes used in the earlier studies. Afte r completion of the combustion, the excess Ba(OH)~ was titrated with 0.05 N oxalic acid. The media used for studies including the carbon determinations were slightly different from those listed above; CaSO4.2H20 replaced the CaCl~ and Fe2(SO4)3" 9HzO replaced the .FeC13.6H20. This avoided the interference of chlorides in the determinations.
III. After removing the aliquots for carbon determinations, the remaining liquid was filtered through asbestos in Gooch crucibles to separate the precipitated sulfur, if any, from the rest of the solution. Some precipitated phosphates and growth were also removed by the filtration. In cases where carbon determinations were not made, the entire culture solution was filtered before any analyses were performed. The filtrates were made to volume. Since insignificant amounts of sulfur other than that in the elemental form were removed by filtration this sulfur is referred to as elemental sulfur in the recorded results.
IV. After being washed with a small quantity of distilled water, the contents of the Gooch crucible were washed into a 250 cc. beaker and total sulfur was determined as sulfate after oxidation by a bromine-carbon tetrachloride solution as recommended by Scott (24) . This method proved to be very accurate and effective for oxidation of the various sulfur materials concerned in these studies. Superoxol was effective as an oxidizing agent of sulfur only in strongly alkaline solutions. The bromine-potassium bromide oxidizing reagent suggested by Scott proved ineffective in oxidation of the sulfur compounds. The total sulfur contained in the filtrates of the culture solutions was also oxidized in a similar manner, 10 cc. aliquots of the filtrates being used in duplicate.
V. After oxidation by Br-CCI4 the total sulfur was determined as sulfate by the use of benzidine hydrochloride recommended by Treadwell and Hall (33) . The method was modified in that the benzidine reagent was not strongly diluted before addition to the solution being tested which was generally made up to about 100 cc. By use of a Buchner funnel as suggested, the blank was too variable since very little wash water is used. It was found much more satisfactory to use Gooch crucibles with asbestos pads which could be very readily washed free of excess acid by three portions of 5 cc. of distilled water. In order that the precipitated benzidine sulfate should not cake during filtration, a small amount of suspended asbestos was added to the liquid before filtration. This greatly accelerated subsequent titration with the NaOH. The addition of asbestos was unnecessary with the determinations on the elemental sulfur since asbestos had been introduced in the form of the pad used for the initial filtration.
VI. Sulfur occurring as sulfate in the culture filtrate was also determined by the use of benzidine hydrochloride. Duplicate aliquots of 10 cc. were used in 250 cc. beakers. Since thiosulfate decomposes in acid solutions and also precipitates to a considerable extent with benzidine, this was oxidized by iodine (0.1 •) which was slowly added until a light yellow color persisted showing a slight excess of iodine. The polythionates do not react with benzidine nor are they oxidized by iodine. Any sulfite or sulfide which might occur in the solution would also have been oxidized by the iodine but neither of these was found in any of the culture solutions. After trea~tment with iodine, the solutions were used for sulfate determination as under V.
VII. In order to determine whether or not sulfite or sulfide occurred in the solutions, the method of Kurtenacker and Bittner for the determination of thiosulfate, sulfite, and sulfide in mixtures was used (13) . It is unnecessary to refer further to formation of sulfide or sulfite since neither was detected in any of the culture solutions. Consequently, the iodine titration of the culture filtrate was used for the determination of thiosulfate. Duplicate 10 cc. aliquots were used. The titration was conducted with 0.01N iodine solution using starch as the indicator in the solution acidified with acetic acid.
VIII. The qualitative test for polythionates depended upon their reaction with alkalis as described in a preceding paper (29) . The iodine titration of the unaltered culture filtrate indicates the thiosulfate. Since treatment with alkalis caused polythionates to decompose to sulfite and thiosulfate, and since these two products react with iodine, a second titration with iodine following alkali treatment will be greater than the first in case polythionates are present.
Tri-, tetra-, and pentathionates were determined essentially the same as outlined by Reisenfeld and Sydow (21) involving: the reactions of tetra-and pentathionates with sulfite as shown by Raschig (20) , the reactions of these two polythionates with cyanide as shown by Kurtenacker and Fritsch (15, 16 , see also Kurtenacker and Bittner (14) ), the reaction of all three polythionates with mercuric chloride as developed by Feld and Sander (8, 23) . These methods proved to be quite satisfactory but were not as desirable as methods for determining each of the polythionates separately by specific reactions had such been available.
IX. Tetra-and pentathionates react with sulfite as follows:
S,O~" + SO8 ~ = S,Oe" + S203"
SsO~" + 2 SO~ ~ --S3Oe" + 2 S208"
The thiosulfate produced by the reactions can he determined by titration with iodine. The procedure was conducted as follows. Two I0 cc. aliquots of the culture filtrate were placed in 250 cc. beakers and 2 cc. of saturated Na2SO3 were added, the solution neutralized with 0.1N KOH using phenolphthalein as indicator, and after standing for 5 minutes, 5 cc. of formaldehyde (35 per The acidity produced by these reactions is determined as follows. Two 10 cc. aliquots of the culture filtrate are placed in 400 cc. beakers and the thiosulfate remaining in the solution is oxidized to tetrathionate by iodine (0.t N), added a drop at a time until a very weak yellow color persists. The solution is made neutral to methyl orange and 100 cc. of saturated HgCI~ are added and the solution heated to boiling for 20 minutes. After adding 100 cc. of 41~ NH4C1, the solution is titrated to the original neutral color of methyl orange using 0.0714 N NaOH. This titration measures the acidity produced from tri-, tetra-, and pentathionates and the thiosulfate contained in the solution. This value is called c.
Calculations were made as follows: The iodine value (mg.) of the thiosulfate in the culture filtrate as determined under VII was calculated on the basis of 100 cc. of solution (m). This was subtracted from the iodine value (rag.) calculated from (a) of the determination by the sulfite method under IX and based on 100 cc. of solution. This difference divided by the atomic weight of iodine is the mg. atoms of iodine required for reaction with the thiosulfate formed from tetra-and pentathionates by reaction with sulfite (called x).
OXIDATION OF THIOSIYLFATE BY BACTERIA
In a similar manner the iodine value m is subtracted from the iodine value (rag.) calculated from b in the determination by the cyanide method under X and based on 100 cc. of solution. This difference divided by the atomic weight of iodine is the mg. atoms of iodine required for reaction with the thiosulfate formed from tetra-and pentathionates by reaction with cyanide (c~lled y). Then x-y = a, the rag. atoms of iodine from the reaction of the excess thiosulfate formed from pentathionate by reaction with sulfite as in Reaction 9. This excess of thiosulfate is shown by inspection of the reactions under IX and X to be 1 molecule of thiosulfate for each molecule of pentathionate. The following reaction shows that in titration of thiosulfate with iodine, 1 atom of iodine reacts with 1 molecule of thiosulfate:
2 S~Os" + 12 = 2 I' + S,O~"
Consequently the value of a equals the miUimols of pentathionate found in 100 cc. of the culture filtrate. The sulfur content of this number of millimols of pentathionate is found by multiplying by 160.3, the weight of the 5 atoms of sulfur in the molecule.
In the determination of tetrathionate y-a = t, the mg. atoms of iodine required for reaction with the thiosulfate formed from tetrathionate by cyanide. Since 1 atom of iodine reacts with 1 molecule of thiosulfate which in turn is formed from 1 molecule of tetrathionate (Reaction 10), the factor fl also equals the millimols of tetrathionate. Then fl × 128.24 is the nag. of sulfur as tetrathionate in 100 cc. of culture solution.
Calculations of trithionate involve the use of the determinations from reactions under XI. The nag. of hydrogen equivalent to the thiosulfate previously determined in 100 cc. of culture filtrate (calculated from Reaction 13) is subtracted from the mg. of hydrogen in 100 cc. of culture filtrate reacting with alkali in the mercuric chloride method (XI) and calculated from c. The difference is the hydrogen (nag. in 100 cc. of solution) from reactions of tri-, tetra-, and pentathionates according to Reactions 14, 15, and 16 . This value (called z) is also the rag. atoms of hydrogen. The following equation permits the calculation of the miUimols of trithionate ('r).
z-4a-4a or the millimols of trithionate = 4 Then ~, × 96.18 gives the nag. of sulfur as trithionate in 100 cc. of the culture filtrate.
SLZMMARy
Various cultures (previously described), which oxidize thiosulfate in mineral media have been studied in an attempt to determine the products of oxidation. The transformation of sodium thiosulfate by Cultures B, T, and K yields sodium tetrathionate and sodium hydroxide; secondary chemical reactions result in the accumulation of some tri-and pentathionates, sulfate, and elemental sulfur. As a result of the initial reaction, the pH increases; the secondary reactions cause a drop in pH after this initial rise. The primary reaction yields much less energy than the reactions effected by autotropbJc bacteria. No significant amounts of assimilated organic carbon were detected in media supporting representatives of these cultures. It is concluded that they are heterotrophic bacteria.
Th. novdlus oxidizes sodium thiosulfate to sodium sulfate and sulfuric acid; the pH drops progressively with growth and oxidation. Carbon assimilation typical of autotrophic bacteria was detected; the ratio of sulfate-sulfur formed to carbon assimilated was 56: 1. It is calculated that 5.1 per cent of the energy yielded by the oxidation of thiosulfate is accounted for in the organic cell substance synthesized from inorganic materials. This organism is a facultative autotroph.
The products of oxidation of sodium thiosulfate by Th. thioparus are sodium sulfate, sulfuric acid, and elemental sulfur; the ratio of sulfate sulfur to elemental sulfur is 3 to 2. The pH decreases during growth and oxidation. The elemental sulfur is produced by the primary reaction and is not a product of secondary chemical changes. The bacterium synthesizes organic compounds from mineral substances during growth. The ratio of thiosulfate-sulfur oxidized to carbon assimilated was 125:1, with 4.7 per cent of the energy of oxidation recovered as organic cell substance. This bacterium is a strict autotroph.
